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Supercurrents in ballistic superconductor-normal-metalsuperconductor (SNS) structures are microscopically due to Andreev bound states. The pairing interaction which leads to an energy gap of ⌬ around the Fermi energy E F in the superconductor ͑S͒ is absent in the normal material ͑N͒ and the normal electrons are communicating with the superconductors via Andreev reflection.
1 If an electron with wave number k e ϭk F ϩE/បv F ͑with E the energy from E F , and v F the Fermi velocity͒ Andreev reflects, a Cooper pair is formed in the superconductor and a hole with wave vector k h ϭk F ϪE/បv F is reflected into the normal region. The dynamical phase acquired by the incoming electron is therefore opposite to the dynamical phase acquired by the retroreflected hole which travels back along the same path. Such phase conjugated closed trajectories of electrons and holes coupled via Andreev reflections lead to a discrete set of energy levels at energies which are dependent on the difference of the macroscopic phases of the superconductors. A supercurrent can flow through these bound states. Using these concepts the maximum supercurrent I c can be calculated [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and related to the normal state resistance R n of the weak link. Experimentally ͑see Fig. 1͒ we find that the I c R n product, which is independent of the width of the device, is much lower than theoretically predicted. These low values are the most prominent deviation from theory for samples that are experimentally in the required ballistic limit. [12] [13] [14] [15] [16] [17] [18] [19] [20] For short junctions where the junction length LӶ 0 ϭបv F /2⌬ so that (k e Ϫk h )LϷ0 there is only one bound state per mode in the energy window E F Ϯ⌬. At Tϭ0, the I c R n product is ⌬/e. The theory describing such ballistic short junctions is known as KO I ͑after Kulik and Omelyanchuk 4 ͒. The associated temperature dependence of the critical current is shown in Fig. 2 . If intermode scattering is introduced in the normal region between the two superconductors, one can calculate the average I c R n product for such a diffusive system. Kulik A schematic figure and a scanning electron micrograph of the sample are shown in Fig. 3 . The Nb electrodes are coupled by a two-dimensional electron gas ͑2DEG͒ in a 15 nm thick InAs quantum well ͑QW͒ between AlSb barriers. To produce the sample a mesa etch pattern is first written in PMMA using electron beam lithography ͑EBL͒. This pattern is transferred to the heterostructure by wet etching of the AlSb top layer and the InAs quantum well. Secondly, the electrode pattern is defined in PMMA with EBL and the AlSb top layer is removed by chemical wet etching to expose the InAs QW. Finally the sample is loaded in a UHV chamber where the InAs QW surface is cleaned with a 500 eV Ar-ion bombardment prior to deposition of 70 nm thick Nb electrodes.
Four junctions were prepared on the same chip of InAs in the same production batch. The mesa etch width is W ϭ0.7 m. The Nb-2DEG contact is made in the dark region in Fig. 3 
using a Taylor approximation of the number of modes in the two-dimensional electron gas. 23 With the measured values for n s and W, the parabolic behavior RϭaB 2 ͑with a
The measured values of a are also given in Table I and are comparable to those expected from the material geometry and material properties: consistent with the assumption that the channel is ballistic. The first term of Eq. ͑1͒ is the Sharvin resistance. The measured resistances ͑see Table I͒ are higher than the Sharvin resistance R Sh ϭ(h/2e
2 )(/k F W)ϭ160⍀ which we primarily attribute to some remnant scattering at the interfaces. From their low resistance, we conclude that the junctions have highly transparent interfaces which is supported by a decrease in resistance below the superconductor gap due to Andreev reflection.
Both the width and the length of the samples are smaller than the inelastic scattering length of the material, l in Ϸ10 m. 24 At the low temperatures used it is also smaller than the thermal coherence length T ϭបv F /2k B T Ϸ15 m ͑at 0.1 K͒. Thus the junction length and width are smaller than the phase coherence length l ϭmin( T ,l in ). Moreover, the junction dimensions are comparable to the superconducting coherence length 0 ϭបv F /2⌬Ϸ0.5 m ͑with ⌬ϭ1.1 meV, obtained from the superconducting transition temperature of the Nb͒, so that they are in between the long (Lӷ 0 ) and short (LӶ 0 ) limit.
Thus, the sample is a ballistic channel between two high transparency superconducting electrodes and electrons can travel phase coherently between the electrodes. Therefore in theory the junctions are expected to carry a supercurrent with an I c R n product of the order of ⌬/e.
The experimentally obtained I c and I c R n values at 0.1 K are given in Table I . The sample leads were filtered by a home made cryogenic filter connected to the mixing chamber of the dilution fridge. The filters contain for each ͑manganin͒ lead a three stage low pass RC filter ͑with very low inductance metal film resistors of 2.7 k⍀ and ceramic disc capacitors of 1 nF͒ after which the leads pass a segment filled with fine Cu powder before connection to the sample electrodes. Without these filters the noise temperature is higher than the bath temperature. In the temperature range used in the experiments ͑below 2.5 K͒ the temperature dependence of the superconductor energy gap does not play a role. ͑The Nb electrodes have a T c of 7 K, see Fig. 2 .͒ R n in Table I is the slope of the current voltage characteristic at low voltages. Due to multiple Andreev reflection, 25 this resistance deviates slightly from the normal resistance at voltages VϾ2⌬/e which is the R n referred to in the theoretical work. In the voltage carrying state, multiple Andreev reflection leads to a smearing of the distribution function. 26 This can effectively be seen as heating. This leads to hysteresis because the supercurrent in the voltage carrying state is lower than the supercurrent through the Andreev bound states which are populated according to the Fermi-Dirac distribution function in the zero voltage state. To describe the hysteresis by the RCSJ model, the needed capacitance is far higher than the capacitance calculated from geometry an upper limit of which is 1 fF, disregarding the fact that the capacitor plates are connected by a conducting channel. 27 Both the observed values of R n and I c R n do not scale with the interelectrode separation L so that from the experiment we expect that the junctions are in the short junction limit. However, the critical current magnitude is much smaller than expected for a junction with transparent interfaces in the short junction limit. Sample No. 4 has a higher I c R n product than the three other samples. This is accompanied by a lower normal resistance while the material parameters such as the electron density are identical.
In Fig. 5 the temperature dependence of the critical current is shown. To determine the critical current a dedicated electronic circuit is used. The output is the current at which the voltage across the junction exceeds a minimum voltage (8 V). For a sharp current voltage characteristic ͑such as in Fig. 1͒ this is the critical current. Due to noise the set minimum voltage can be exceeded before the critical current is reached which leads to the noise in I c in Fig. 5 . This noise is more prominent in the panels which show a low I c . If the current voltage characteristics are rounded due to thermal fluctuations this method cannot be used because the measured output differs from the intrinsic critical current. In this range the critical current is obtained from a fit of the current voltage characteristic to the RSJ model with thermal noise. 28 In apparent contrast to Thomas et al. 29 we find, within our measurement accuracy, excellent agreement with this model, which allows us to determine the critical current also at elevated temperatures. Where this method was used, these values are shown as dots in Fig. 5 .
All samples show a decay of the critical current with temperature. A temperature TЈ is defined above which this decay is faster than below. TЈ is approximately 0.3 K ͑see Table I͒ . Over the range measured the critical current does not saturate down to the lowest temperature. The observed I c (T) has a negative curvature for TϾTЈ whereas theoretically, for small junctions the curvature is postive over the entire temperature range irrespective of junction transparency. 11 In the concave region the data can be fitted well with an exponential decay ͓I c ϰ exp(ϪT/T 0 )͔. The temperature range T 0 over which I c decreases with a factor e is also tabulated in Table I . The junctions A, C, and D have, within the fitting accuracy, identical T 0 irrespective of their length. We note that for samples Nos. 3 and 6 this is a property shared with their I c R n product. Junction B shows a doubling of both the I c R n product and the decay temperature T 0 . The range over which the fit to an exponential decay is performed is not very large but shows that the characteristic decay temperature T 0 is comparable to, and seems directly related to the I c R n product of the junctions.
This case, intermediate between ballistic and diffusive has not been studied theoretically. However, we like to point out that also in the case of diffusive transport in our group we have not been able to obtain quantitative agreement between theory and experiment in particular for the case of sample specific fluctuations. 30 The most prominent observation here is the low I c R n product. We find that both the critical current magnitude and its I c vs temperature curve are independent of the junction length. Sample No. 4 has a higher I c R n product and a higher decay temperature T 0 accompanied by a lower normal resistance R n . We find ͑Table I͒ that the energy scales of the three measured parameters I c R n and T 0 are comparable. Also, the energy scale of TЈ is of the same order of magnitude. Interpretation of these temperatures as a Thouless energy setting the scale of the I c R n product for a long junction would mean either a low diffusion constant D or an effective junction length L of about ten times its physical length. Both are incompatible with the ballisticity of the channel.
A possible origin of the low supercurrent may be scattering introduced by Ar etching of the InAs surface prior to Nb deposition. The ion bombardment, intended to remove the native oxide, also modifies the region under the Nb contact. Locally the bombardment reduces the electron mean free path to approximately 10 nm and induces a high electron density so that the interface is nonspecular. 31 Whereas for Andreev reflection from a specular interface, the hole is retroreflected and has the same wavevector as the incoming electron from which it originates, the reflected hole from a diffusive interface has partial waves in all directions. 32 A rough estimate of this effect yields a depressed I c R n product comparable to the measured result. To form an Andreev bound state, the electron or hole should still be in the same mode after two Andreev reflections the probability of which is 1/N 2 with fully diffusive Andreev reflection where the Andreev reflected quasiparticle in mode i is distributed over all modes 0•••N. Consequently, the supercurrent for the N-mode wide junction would be depressed by a factor N/N 2 ϭ1/Nϭ1/30. Volkov et al. 33 have shown theoretically that the electronic states in the InAs quantum well under the Nb electrode with a highly transparent interface have an effective excitation gap. Its magnitude is comparable to the Nb superconducting gap and the electrons from the channel Andreev reflect of this induced excitation gap. The presented experimental work does not support the presence of this gap in the studied sample. Maybe the prerequisite of adiabaticity is not fully satisfied in our samples.
In conclusion, we have observed that the supercurrent in ballistic mesoscopic Josephson junctions is at least an order of magnitude smaller than expected from theory which assumes ideal boundaries. We have found that the I c R n product, the temperature TЈ above which I c (T) decreases exponentially, and T 0 , the decay temperature of this exponential decrease have a comparable energy scale. For our well characterized junctions with ballistic channels, the disordered region under the Nb contacts may well cause the lowered I c R n products observed.
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